The aim of this study was to assess the contribution of left ventricular (LV) systolic dyssynchrony to functional mitral regurgitation (MR).
Introduction
Functional mitral regurgitation (MR) is frequently observed in patients with congestive heart failure, and carries an adverse prognosis. 1, 2 The pathogenesis of functional MR involves multiple factors, but the major mechanism is believed to be the increased mitral leaflet tethering due to the outward displacement of the two papillary muscles caused by global and regional left ventricular (LV) remodelling. 3 -6 Other factors such as the decreased LV closing force and dysfunction or deformation of the mitral annulus are also involved. 5 -8 Left ventricular systolic dyssynchrony has been described in heart failure population with a high prevalence, which reflects an uncoordinated contraction of the LV segments and implicates a poor prognosis. 9, 10 Recent studies have shown that reduction in functional MR by cardiac resynchronization therapy (CRT) was associated with improvement in LV regional systolic dyssynchrony from the segments bearing the two papillary muscles. 11, 12 Further studies suggested that regional dyssynchrony could be a potential contributor to the severity of functional MR. 13, 14 However, the contribution of LV global systolic dyssynchrony has not been evaluated as a factor. Therefore, the objective of this study was to assess the contribution of LV systolic dyssynchrony to functional MR in patients with LV systolic dysfunction, and to examine whether LV global or regional dyssynchrony will have an incremental predictive value for significant functional MR in addition to other relevant factors.
Methods Patients
From January 2007 to September 2008, this study enrolled a cohort of 182 consecutive patients with the LV ejection fraction ,50% measured by biplane Simpson's method 15 who were followed up at 3 or 6 months after an admission for acute decompensated heart failure. Among them, 35 patients were excluded if they had organic mitral valve disease, clinical or echocardiographic evidence of other cardiac diseases, previous implantation of any type of pacemaker, history of recent myocardial infarction (,30 days), and atrial fibrillation or other arrhythmias. Another 11 patients with or without trivial MR in whom the proximal isovelocity surface area (PISA) method could not be used for quantification were also excluded. Consequently, the study population consisted of 136 patients with impaired LV systolic function and at least mild functional MR.
Echocardiography
The standard transthoracic echocardiography with tissue Doppler imaging (TDI) was performed in all patients (Vivid 7, Vingmed-General Electric, Horton, Norway) at 3 or 6 months after the initial admission for acute decompensated heart failure. The assessments of MR severity, LV global and regional remodelling, LV systolic function, mitral valve deformation, and LV global and regional systolic dyssynchrony were performed by offline analysis (EchoPac PC 7.0.0, Vingmed-General Electric, Horton, Norway). The degree of functional MR was assessed by calculating the effective regurgitant orifice area (EROA) using the PISA method. 16 For the assessment of LV global remodelling, the left ventricular end-systolic volume (LVESV) and the left ventricular end-diastolic volume (LVEDV) were measured by the biplane Simpson's method. 15 Left ventricular end-systolic and end-diastolic cavity length and mid-cavity width were measured at the apical four-chamber view and sphericity indices at end-systole and end-diastole were calculated to assess LV geometry. 17 The LV ejection fraction 15 and LV peak positive dP/dt (LV + dP/dt) 18 were measured to evaluate LV systolic function. Left ventricular regional remodelling was assessed by papillary-fibrosa distance, which was measured from the posteromedial papillary muscle head to the intervalvular fibrosa in the apical longaxis view. 6 Mitral valve deformation was assessed by the tenting area and the tenting height from the parasternal long-axis view at mid-systole. 6 The maximal and minimal mitral annular dimensions were measured and the maximal and minimal mitral annular areas (MAA) were calculated. Mitral annular contractility was calculated by the percentage of change in MAA during the cardiac cycle, as [(maximal MAA 2 minimal MAA)/maximal MAA] × 100%.
Left ventricular systolic mechanical dyssynchrony was assessed by two-dimensional colour-coded TDI in the three apical views (i.e. apical four-chamber, two-chamber, and apical long-axis views). The assessment was performed offline in separate sessions by trained sonographers who were blinded to the severity of MR or degree of LV remodelling. Myocardial velocity curves were reconstituted offline using the six-basal, six-mid-segmental model in the LV as previously described. 17 The time to the myocardial peak systolic velocity during the ejection phase (Ts) was measured in each segment. 19 Left ventricular global systolic dyssynchrony was assessed by the maximal difference of Ts among the 12 LV segments (Ts-Dif). 20 Left ventricular regional dyssynchrony was assessed by the absolute difference in Ts between the mid-lateral and mid-inferior segments, representing the delay between the anterolateral and posteromedial papillary muscle attaching sites (APM -PPM delay).
Statistical analysis
The statistical analyses were carried out using Statistical Package for the Social Sciences (SPSS) version 13. 
Results

Patient baseline characteristics
The mean age of patients was 66 + 12 years and there were 98 (72.1%) males. The mean ejection fraction was 30 + 9% (range 13 -48%). The aetiology of heart failure was ischaemic in 72 (52.9%) patients and non-ischaemic in 64 (47.1%) patients. Fortysix out of the 72 (63.9%) patients with ischaemic aetiology had a history of revascularization (percutaneous coronary intervention or coronary artery bypass grafting) procedures. An ischaemic aetiology was confirmed by a documented myocardial infarction and/ or abnormal coronary angiography with ≥70% stenosis in at least one coronary artery. Patients with non-ischaemic aetiology had normal coronary angiography, and among them, 58 patients were suffering from idiopathic dilated cardiomyopathy, one patient had hypertensive heart disease, and five patients had alcoholic cardiomyopathy. 
Severity of functional mitral regurgitation and its determinants
In the 136 patients who had measurable MR by the PISA method, the mean EROA was 19 + 13 mm 2 (ranged from 2 to 61 mm 2 ). By using the EROA ≥20 mm 2 as the cut-off value for clinically significant MR as previously validated, 6 47 (35%) patients had significant functional MR.
Comparisons were performed between patients with significant functional MR (group 1, n ¼ 47, 35%) and those without (group 2, n ¼ 89, 65%). There was no significant difference in baseline demographics between the two groups, except a lower systolic blood pressure in group 1 ( Table 1) . With respect to echocardiographic parameters of LV remodelling and function, group 1 had significantly a larger LVEDV (P ¼ 0.031) and LVESV (P ¼ 0.020), a greater end-systolic and end-diastolic LV short-axis dimension (both P , 0.05), a lower LV end-diastolic sphericity index (P ¼ 0.021), as well as greater papillary-fibrosa distance (P , 0.001) and lower LV + dP/dt (P , 0.001). Patients in group 1 also had a larger tenting area (P , 0.001), a greater tenting height (P , 0.001) as well as more severe LV global (P , 0.001), and regional (P ¼ 0.001) systolic dyssynchrony ( Table 2 ). In addition, it was observed that the size of the EROA correlated with LV remodelling, LV contractility, mitral valvular and annular deformation, as well as LV global and regional systolic dyssynchrony (Table 2) . Of note, the correlation between EROA and LV global systolic dyssynchrony (Ts-Dif) was closer than that of EROA and regional dyssynchrony (APM-PPM delay).
To examine the determinants of clinically significant MR, the clinical and echocardiographic parameters were first examined by univariate analysis, while the significant covariates were further tested by multivariate logistic regression analysis (Table 3 ). It was found that both the mitral valve tenting area (OR: 1.020, 95% CI: 1.012, 1.028, P , 0.001) and the Ts-Dif (OR: 1.011, 95% CI: 1.001, 1.021, P ¼ 0.034) were independent determinants of significant MR. The tenting area was the most powerful factor (x 2 ¼ 49.11, P , 0.001), and Ts-Dif showed an incremental value for determining the occurrence of obvious functional MR (x 2 ¼ 53.92 vs. 49.11, P ¼ 0.028).
Mitral valve tenting, left ventricular dyssynchrony, and functional mitral regurgitation
From the shoulder of the ROC curve (Figure 1) 
Discussion
In the current study, we have demonstrated that in patients with LV systolic dysfunction, assessment of global LV systolic dyssynchrony provides an incremental value to the mitral valve tenting area in determining the presence of significant functional MR.
Mitral valve deformation in prediction of functional mitral regurgitation
Several interrelated geometric and haemodynamic factors will lead to functional MR. Among them, mitral valve deformation caused by subvalvular tethering is considered to be the main determinant of MR severity. 5, 6, 14, 21 In previous studies, multiple parameters had been proposed for the assessment of mitral valve deformation, such as tenting area, 6,21 tenting height, 6 as well as leaflet concavity, which were found to be closely correlated with the degree of functional MR. 22 In the present study, we also observed a significant correlation between EROA and mitral valve deformation. The imbalance between mitral valve tethering and closing forces is a major factor in functional MR. Consequently, we investigated a number of parameters closely related to these two determinants (shown in Table 2 ) for their association with EROA in order to identify those most significant. In addition to mitral valve deformation, other variables were also included representing LV global and regional remodelling, LV contractility, mitral annular shape, as well as systolic dyssynchrony. Among these multiple echocardiographic parameters assessed, the mitral valve tenting area had the highest APM -PPM delay, the absolute difference in time to peak systolic velocity between the mid-lateral and mid-inferior left ventricular segments; EROA, effective regurgitant orifice area; LV, left ventricle; Ts-Dif, the maximal difference in time to peak systolic velocity among the 12 LV segments.
correlation coefficient of 0.632 with the EROA. In fact, the mitral valve tenting area appeared to be the only independent determinant of significant functional MR among all the geometrical measurements in dimensions or volumes. The majority of other variables with weak correlations may not be independent determinants, but could contribute to functional MR by interacting with several factors through a common pathway leading to an increased tenting area.
Left ventricular systolic dyssynchrony as a new determinant of functional mitral regurgitation
Left ventricular intraventricular systolic dyssynchrony is increasingly recognized as an important mechanism in patients with systolic dysfunction. 9, 10 Apart from its prognostic importance, 9 it is a fundamental mechanism in CRT 23 -25 and LV dyssynchrony may also play a role in the pathophysiology of functional MR in patients with LV systolic dysfunction or heart failure. In earlier studies, this relationship was reflected indirectly by the observation that more severe functional MR was associated with longer QRS duration. 25, 26 By using TDI-derived myocardial velocities, a recent study has suggested that systolic dyssynchrony was associated with the severity of functional MR only in the subgroup of 35 nonischaemic subjects, but not the whole cohort of 74 patients with systolic dysfunction. 14 However, this study was unable to differentiate the relative importance of global or regional LV dyssynchrony as eight segments adjacent to papillary muscles were measured thus including possible contribution of both factors. Another study used TDI-derived strain of the two papillary muscles in 32 patients with non-ischaemic dilated cardiomyopathy and concluded that regional dyssynchrony and LV chamber sphericity were independent determinants of functional MR, though surprisingly neither mitral valve tenting area nor coaptation distance were significant.
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In the current study with a larger sample size, we assessed in detail the potential determinants of significant functional MR including the parameters of both global (Ts-Dif) and regional (APM -PPM delay) LV systolic dyssynchrony, with demographic variables, the aetiology of LV systolic dysfunction, indices of global and regional LV remodelling, as well as parameters of mitral valvular and annular deformation. In addition to the mitral valve tenting area, LV global, but not regional dyssynchrony was an independent determinant of significant functional MR confirmed by both univariate and multivariate analyses. Furthermore, by the use of stepwise forward logistic regression analysis, an incremental value of the Ts-Dif to tenting area (both as continuous variables) in determining the severity of MR was confirmed (P ¼ 0.028 for the improvement). To assess further the relationship between these two factors, we used ROC curves to define the cut-off values for the Ts-Dif and tenting area, and then studied the influence of the combination of these two factors on functional MR. From our study, we found that a cut-off value of Ts-Dif ≥85 ms predicted the development of functional MR in both ischaemic and non-ischaemic patients with a relatively good sensitivity and specificity, though at a lesser degree compared with the tenting area ≥2.7 cm 2 . Of note, this cut-off indicates only a moderate level of intraventricular dyssynchrony, when compared with the previously published value of 100 ms, which predicts a favourable response after CRT for advanced heart failure patients. 20 Interestingly, there was no difference in QRS duration between the patients with and without significant functional MR. Therefore, it appears that the development of functional MR is not determined by the uncoordinated motion generated from the two papillary muscles, but rather different LV segments with dyssynchronous motion in concert contribute to the development of functional MR. Thus, LV systolic dyssynchrony may cause the increase in functional MR by several pathways. Firstly, the presence of LV global systolic dyssynchrony may decrease the efficiency of LV contraction during systole, thus decrease LV closing force acting on the mitral leaflets. 27 Secondly, dyssynchronous contraction of the papillary muscle insertion sites at the LV free wall may induce geometric distortion of the mitral valve apparatus. 11, 28 Lastly, dyssynchronous contraction of the LV basal segments may render a non-simultaneous contraction of the papillary muscles and adjacent LV walls, resulting in uneven timing of leaflet coaptation. 29 Therefore, assessment of global LV dyssynchrony appears superior to regional dyssynchrony in determining significant functional MR as the latter is only one of the few factors being measured by the former parameter.
Clinical implications
Our results are relevant to the outcome of CRT that has been suggested to reduce the severity of functional MR both immediately after device implantation and in the long-term follow-up. Acute reduction in functional MR after CRT by improvement of LV systolic dyssynchrony was previously described. 12 Pre-pacing mechanical dyssynchrony was demonstrated as a determinant of MR improvement after CRT. Patients with significant MR reduction were found to have more mechanical dyssynchrony before device implantation, when compared with those with no MR improvement. 11, 28, 30 Therefore, it is postulated that CRT would be an alternative therapeutic option for significant functional MR in heart failure when surgical valvular repair or replacement as a current standard treatment inappropriate.
Study limitations
Functional MR is a dynamic condition in patients with LV systolic dysfunction, which may vary with time due to the changes in LV preload, afterload, remodelling, dyssynchrony, and other clinical status. However, this cross-sectional study only provided a brief snapshot of how the severity of functional MR related to LV dyssynchrony and other clinical or echocardiographic factors at baseline. The study would be strengthened by the addition of outcome data and by the evidence showing progression of functional MR together with progressive LV global or regional remodelling and probably increasing LV dyssynchrony. Although the present study emphasizes the pathophysiological importance of functional MR in heart failure patients and suggests a therapeutic role of CRT in this special population, the information whether the severity of functional MR and its specific underlying pathology determines the treatment strategy (CRT alone, 
Conclusions
In conclusion, our study showed that in patients with LV systolic dysfunction, significant functional MR was a relatively common condition. Significant functional MR was determined not only by mitral valve tenting area, but also the degree of global LV systolic dyssynchrony. Furthermore, the cut-off value of Ts-Dif ≥85 ms provided an incremental predictive value to the mitral valve tenting area ≥2.7 cm 2 . Nevertheless, the values of these parameters need to be further validated by more clinical studies. LV systolic dyssynchrony and functional MR
